INTRODUCTION
The study of viruses began in the 1890s with the discovery of an acute infectious agent in tobacco causing leaf spots (Beijerinck 1898) . Tobacco mosaic virus ( TMV ) was the first virus characterized, and set a precedent for viruses as agents of disease. Today anyone you ask, from a scientist to a school child, will probably tell you that viruses make things sick. This is because the acute and chronic diseasecausing viruses are the most well-studied, and not because there is any validity to the notion that most viruses cause disease.
Over the past 120 years, hundreds of viruses of plants have been described, almost all of which are pathogens of crop plants (Fauquet et al. 2005) . The cryptic viruses were first noticed in plants in the 1960s and 1970s. These were described as viruses that cause no symptoms, are not horizontally transmissible and are at very low titre (Boccardo et al. 1987) . These viruses are currently classified in the family Partitiviridae (Fauquet et al. 2005) , and this family also includes viruses that infect fungi. Recently, other plant viruses have been described with similar characteristics, most notably the endornaviruses (reviewed in Fukuhara et al. 2006; Fukuhara & Moriyama 2008) . These viruses remain the most poorly characterized viruses of plants. Here, we define these viruses as persistent plant viruses and compare and contrast them with acute and chronic plant viruses. Although often ignored, persistent viruses may have significant effects on the evolution of acute viruses, and on the evolution of their hosts.
LIFESTYLES OF PLANT VIRUSES
Plant viruses can have four different lifestyles: persistent, acute, chronic and endogenous. Some viruses may be able to change from one lifestyle to another, particularly between the acute and chronic lifestyles; other lifestyle changes probably occur but are rare. Persistent plant viruses have the following features: they are generally asymptomatic, although a lack of uninfected plants in most cases makes this difficult to fully assess; they are transmitted vertically via gametes (Blanc 2007) , but not horizontally; they do not move between cells in plants, not even through grafts; rather they are found in every cell including the meristem. So far, all of the viruses in this classification have double-stranded (ds) RNA genomes, but this is not a part of the definition. All of the virus families containing persistent plant viruses also have members that infect fungi, and particularly endophytic fungi. In ecogenomic studies of wild plants, persistent viruses make up the majority of plant viruses, with incidence rates as high as 70 per cent in some plant families (M. J. Roossinck 2009, unpublished data) . This definition of persistent plant viruses is distinct from the persistent mode of vector transmission (Gray & Banerjee 1999) , which relates only to the transmission event and not to the lifestyle of the virus in the plant.
Acute plant viruses in contrast to persistent viruses, have a very different life cycle. They are most frequently transmitted horizontally, they may or may not be transmitted vertically in some hosts, and vertical transmission can be through embryos or gametes (Blanc 2007) , they readily move from cell-to-cell and usually encode special proteins to facilitate this. They usually accumulate to high levels in plants, although accumulation is often cyclic. An important feature of acute viruses is that they flourish in monoculture. This is also true of the animal acute viruses, and it has been suggested that the acute virus lifestyle in human viruses is largely associated with large urban centres, and in other animals with domestication (Villarreal et al. 2000) . However, animal acute viruses tend to be quite host-specific, whereas plant acute viruses can be either specialists, like barley stripe virus that only infects a few closely related plants (Timian 1974) , or generalists, like cucumber mosaic virus with a host range of about 1200 species (Edwardson & Christie 1991) . Specialists are more likely to spread rapidly in monoculture and very poorly in the mixed plant culture common in wildlands. However, plant viruses that often have a generalist host range are transmitted by specialist vectors, and this could have a similar effect to host specificity of the virus itself. The difference between acute and chronic plant viruses is subtle, and in general relates to the duration of infection. Acute virus infections are resolved in one of the three ways: death of the host, recovery of the host or conversion to chronic infection. Chronic plant viruses remain in the host plant for extended periods of time, and may or may not cause observable disease symptoms. The distinguishing features of persistent and acute or chronic plant viruses are summarized in table 1.
Animal viruses have been characterized as persistent or acute based largely on the duration of infection. In recent years, these lifestyles have been discussed in depth by Luis Villarreal (Villarreal et al. 2000; Villarreal 2007 Villarreal , 2009 , and persistent viruses are described in terms of chronic infections and of asymptomatic infections. Asymptomatic persistence is common in wild animals, and probably contributes to resistance to acute viral infections, in a scenario where viruses switch from persistent to acute lifestyles. In the persistent infections, acquired early in life, the virus establishes a low level of infection that induces an immune state and prevents later acute infections (reviewed in Villarreal 2009 ). This is similar to the well-documented effects of cross-protection in plants, where infection by a mild variant of a virus protects against a more severe variant (Fraser 1998) . In fact, similar to plants, animals in the wild seem to be mostly healthy, even though, when examined, they are full of viruses and other parasites. This may be because there are positive effects of parasites under some conditions (Thomas et al. 2000; Brown et al. 2006) . Farmed animals however, like farmed plants, are frequently plagued with disease-causing or lethal virus infections. Animal persistent viruses are believed to be responsible for emerging acute viral diseases (Villarreal et al. 2000) . These viruses can switch between persistent and acute lifestyles. It is not clear if this is true with plant viruses, as it has not been demonstrated. It seems unlikely, or at least quite rare, because persistent plant viruses would have to acquire the abilities to move horizontally and systemically in plants in order to become acute. This would involve a major leap that would be more likely to occur through recombination with another virus (discussed further below).
An additional group of plant viruses are the endogenous viruses. These are viruses that are integrated into the genome of the plant. A majority of these are defective remnants of ancient virus infections, but some can be activated under certain conditions. The endogenous viruses have been recently reviewed (Hohn et al. 2008 ), and will not be discussed further here.
PLANT PERSISTENT VIRUSES: ORIGINS AND EVOLUTION
The most well studied of the plant persistent viruses are those previously called cryptic viruses (Boccardo et al. 1987) . These are now classified as members of the Partitiviridae. The taxonomy of this family is changing as more and more viruses are being discovered and sequenced. The family includes viruses with fungal hosts, plant hosts and recently protozoan hosts (Nibert et al. 2009 ). They are widespread in plants, and have been found in gymnosperms (Veliceasa et al. 2006) as well as algae (Koga et al. 2003) . In algae, they are associated with chloroplasts leading to the proposal that they are of prokaryotic origin (Ishihara et al. 1992) . In plants, they appear to persist indefinitely. For example, years of continuous tissue culture, thermotherapy and meristem tip culture were unable to cure plants of partitiviruses (Szegö et al. 2005) . Pepper cryptic virus, isolated from Jalapeñ o peppers (Arancibia et al. 1995) , is found in all cultivars tested, indicating its presence at least as far back as the origin of the Jalapeñ o cultivar.
Recent publications have suggested that some plant partitiviruses are more similar to fungal partitiviruses than other plant partitiviruses (Veliceasa et al. 2006; Sabanadzovic & Ghanem-Sabanadzovic 2008; Li et al. 2009) . A phylogenetic analysis using two related plant viruses, southern tomato virus (Sabanadzovic et al. 2009 ) and blueberry latent virus as outgroups to the Partitiviridae indicates that while some clades contain only plant or ascomycete partitiviruses, others have mixtures of viruses from all three hosts (figure 1, table 2). This is strongly suggestive of transmission of these viruses, both among fungi and between plants and fungi. Previously, I proposed that plant cryptic viruses could have originated as fungal viruses that were trapped in plants during an endophytic association, and that these could have acquired the necessary movement proteins from their plant hosts to evolve into acute plant viruses (Roossinck 1997) . Given the complexity of the relationships (and it seems likely that these relationships will become even more interesting as more of these viruses are discovered and characterized), another scenario is that these are fungal viruses that use plants as their vectors. Transmission is likely a rare event because it would require entry into the germline, but it is certainly plausible, and a more reasonable explanation than that these viruses are so ancient that they have co-diverged with hosts, as was suggested for the totiviruses (Bruenn 1993) . There is no evidence in the phylogeny for co-divergence, i.e. there is no congruence between the viral phylogeny and the host phylogeny.
A second group of persistent viruses in plants are the endornaviruses. These viruses can also be found in fungi and protists and are quite highly conserved among their different hosts (Kozlakidis et al. 2010) . The endornavirus genome is also dsRNA, although there is a nick in the coding strand (Pfeiffer 1998) . The genomes contain an unusual single large open reading frame (ORF) of around 5000 amino acids although this is almost certainly either a polyprotein, or it is expressed as separate ORFs from subgenomic RNAs (Fukuhara & Moriyama 2008) .
Endornaviruses do not appear to package their RNA, but are associated with cytoplasmic membrane vesicles that also contain their RNA-dependent RNA polymerase (RdRp; Lefebvre et al. 1990 ). There are very few sequences available for the endornaviruses, so it is not possible to compare their phylogenetic relationships with those of their hosts with any reliability. However, the endornaviruses of domestic Figure 1 . Phylogenetic relationships of partitvirus RdRps. Amino acid sequences for partitivirus RdRps were downloaded from GenBank, aligned with MAFFT and alignments were thoroughly edited in MESQUITE (Maddison & Maddison 2009 ). Aligned sequences were analysed using MRBAYES (Ronquist & Huelsenbeck 2003) under a fixed rate model, with 10 000 generations. The consensus tree after burn-in was displayed in MESQUITE. Viruses names are coloured by the host group: green, plant host; pink, basidiomycete host; turquoise, ascomycete host. A nearly identical tree was obtained with maximum parsimony (not shown).
and wild rice are quite closely related, whereas those of broad bean and kidney bean are not, suggesting that transmission may have occurred with these viruses as well (Fukuhara & Moriyama 2008) . Endornaviruses appear to be quite common in plants, but it is likely that they often go unnoticed because they can be easily mistaken for contaminating DNA in a standard dsRNA analysis (M. J. Roossinck 2006, unpublished data) . Similar to partitiviruses, endornavirus persistence seems to be very stable. All cultivars of bell pepper contain pepper endornavirus that can be vertically transmitted to other cultivars of pepper through crosses (Valverde & Gutierrez 2007) . The RdRp of the endornaviruses falls into the pFAM00978 group (NCBI) that includes the alphaviruses of plants and animals (Gibbs et al. 2000) , single-stranded plus-sense viruses. Hence, these viruses may have evolved from acute, infectious viruses, although an alternate hypothesis is that the acute alphaviruses evolved from an ancestral endornavirus, consistent with the idea that emerging acute viruses can evolve from persistent viruses. Elements related to known endornaviruses are also quite common in wild plants, although not as prevalent as partitiviruses (M. J. Roossinck 2009, unpublished data) .
The titres of persistent viruses in plants are generally low, but can vary considerably. The level of endornavirus in rice cells is very low, estimated at about 100 copies per cell. In rice suspension cultures, the levels rise about 10-fold, but return to normal levels in regenerated plants, indicating some type of developmental control of virus levels (Moriyama et al. 1996) . Interestingly, an indirect measure of white clover cryptic virus levels suggested that virus titres are reduced during nodulation in white clover (Nakatsukasa-Akune et al. 2005) .
(a) Suspected/potential persistent viruses of plants Recent ecogenomic studies of plant viruses in wild plants (Roossinck et al. 2010) have found other families of viruses that are also similar, i.e. they do not express any apparent symptoms, they do not encode obvious movement proteins and they seem not to be readily transmitted horizontally. These include viruses in the families of Totiviridae and Chrysoviridae. The totiviruses are found in fungi and protists. Several recent reports have also described totiviruses in plants (Covelli et al. 2004; Kozlakidis et al. 2006; Marais et al. 2009; Roossinck et al. 2010; NCBI Taxonomy ID: 463392 and 508679; M. J. Roossinck 2009, unpublished data) . In some cases, these have been attributed to endophytic fungi. In cherry chlorotic rusty spot and Amasya cherry diseases no fungus could be cultured from the plants, but fungal mycelia were visible by microscopic examination (Alioto et al. 2003) . Interestingly, these plants also harboured partitiviruses and chrysoviruses. Chrysovirus-like sequences are also found frequently in plant virus biodiversity studies (Roossinck et al. 2010; M. J. Roossinck 2009, unpublished data) . While it remains to be finally determined whether or not these viruses are actually fungal or are replicating in the plant cells, the latter seems more plausible given the very small amount of fungal tissue that is found in plants harbouring endophytes.
(b) Persistent viruses and quasispecies
The quasispecies nature of RNA viruses is well known, and is related to the error prone nature of replication (Bull et al. 2005) . Quasispecies refers to a high level of genetic variation in a single replicating virus population, and has numerous biological implications that have been thoroughly reviewed elsewhere (Domingo 2006 (Márquez et al. 2007 ) did not show any sequence variation in 10-fold coverage of its genome (M. J. Roossinck 2004, unpublished observation) . Low levels of variation would provide an additional hurdle for the evolution of persistent viruses to acute emerging viruses.
(c) Effects of persistent viruses on their hosts Only a few reports have appeared in the literature concerning any effects of persistent plant viruses on their hosts. However, in a few cases some effects have been seen. For example, the presence of Vicia faba endornavirus is correlated with male sterility, although the mechanism is not known (Pfeiffer 1998) . In beets, the presence of beet cryptic virus reduced the yields in some fields, but not others. The fields where yields were not affected were also subjected to drought (Xie et al. 1994) . Can persistent viruses affect drought tolerance in plants, as acute viruses can (Xu et al. 2008) ? In a transcriptome analysis of Rhizobium colonization in white clover, a transcript that was significantly decreased was later found to be the CP for white clover cryptic virus. When this gene was expressed in lotus, another legume species, it suppressed nodulation through the plant hormone abscisic acid (Nakatsukasa-Akune et al. 2005) . It seems likely that similar examples exist, that plants have co-opted the genes of persistent viruses for their own purposes. Viral sequences may be common in the EST databases, and plants may use these mRNAs as epigenetic material for many functions. These would be most important during rapid changes in the plant's environment, when the slow process of Darwinian evolution could not allow for the required flexibility. Maintaining the persistent state of the virus would then be of prime importance to the plant, establishing a mutualistic symbiosis. This has been observed in a plant -fungus -virus interaction, where a persistent virus in an endophytic fungus is required for thermal tolerance of plants growing in geothermal soils (Márquez et al. 2007) .
In most studies of persistent plant viruses no effect has been found on the host. However, it is not always possible to find an uninfected isogenic plant for comparison, so subtle effects are probably not detected.
Persistent viruses may affect their hosts in more subtle ways and certainly could be involved in the evolution of new acute viruses by reassortment/ recombination. The evolution of many plant viruses has been modular (Roossinck 2005) . It seems likely that persistent viruses that are so common in plants could be a source for the generation of novel viruses by recombining/reassorting with infecting acute viruses. A recent analysis of the plant virus genus Ourmiavirus suggests that its members contain elements from viruses of fungi and plants supporting the potential role of persistent viruses in the evolution of acute viruses (Rastgou et al. 2009 ).
CONCLUSIONS
The plant persistent viruses are a very common, but largely unstudied group of viruses. Most of the focus of plant virology has been centred on acute or chronic viruses. However, the persistent viruses have the potential for a profound effect on their plant hosts, as epigenetic elements providing novel genes, or as sources for newly emerging viruses. There is still a lot to learn: can acute viruses switch to a persistent lifestyle, or vice versa? Are persistent viruses of plants actually trapped fungal viruses? Are fungal viruses and plant persistent viruses transmitted across kingdoms? For the most part, this field is at the discovery phase. With more and more metagenomic and ecogenomic data becoming available, some of these questions may be answered, and more will certainly be posed. Placing plant viruses into categories based on lifestyle is useful in thinking about their potential roles as mutualists rather than agents of disease. However, as in all of biology, strict adherence to definitions is not useful, and it is likely that viruses exist on a continuum from persistent to acute lifestyles. Virus biodiversity studies will undoubtedly reveal viruses in all parts of the continuum.
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